Based on the traffic situation, vessel type and atmospheric condition, an inland waterway traffic noise prediction model was developed for environmental assessment in China. This model was developed from the Germany Richtlinien für den Lärmschutz an Straßen (RLS 90) model by adding the water surface condition, absorption and gradient along vessel travel direction correction terms to the governing equations. The re-described parameters, including traffic flow and composition, vessel speed, air absorption, and water surface, ground and atmospheric conditions, etc., were chosen as inputs into the calculating equations. The verification results showed that the absolute error between the predicted and measured noise levels within the range of ± 1.4 dBA was 82.9%. The mean difference between the predicted and measured noise levels was 0.02 ± 1.25 dBA. The comparison results with the RLS 90 model and the modified Federal Highway Administration (FHWA) model also showed that the developed model in this study had better precision and accuracy.
INTRODUCTION
The emission noise of vessels traveling in inland waterways can cause serious pollution problems in terms of nuisance and annoyance to people in the communities around inland waterways. This is similar to those of running trains and cars [1] [2] [3] [4] [5] . However, unlike those produced by trains and cars, the inland waterway vessel emission noise has not been paid enough attention. Therefore, managing inland waterway traffic noise has become a challenging task for environment managers and channel planners [6] .
As the purpose of environmental impact assessment is to predict and prevent any negative impact during and after the road or highway construction project, methods have to be used to predict noise level and therefore, traffic noise prediction models are adopted [7] [8] [9] [10] [11] , and the challenge of inland waterway project is also similar to that of road or highway. However, in addition to the modified FHWA by Dai et al. [6] , there is still lack of suitable methods for predicting the inland waterway traffic noise. Thus, the inland waterway designers often have to use road traffic noise prediction model for assessing the inland waterways traffic noise exposure level [12] . At present, numerous prediction methods have been established to assess road traffic noise exposure level in different countries for different purposes, such as calculation of road traffic noise (CORTN) model [13] , Acoustical Society of Japan (ASJ) method [14] , Federal Highway Administration (FHWA) traffic noise model (TNM 1.0, TNM 1.0a, TNM 1.0b, TNM 1.1, TNM 2.0 and TNM 2.5) [15] [16] [17] [18] , Modèle de Calcul de Bruit du Trafic Routier Pour Ordinateur, lère partie: Manuel d'utilisation du logiciel STL-86 Version 1.0 (STL-86) model [19] , Richtlinien für den Lärmschutz an Straßen (RLS 90) and its improved model [20] , geographical information system model based on the FHWA or CORTN [21] [22] , Nordic road traffic noise prediction method [23] [24] and its modified model in Taiwan [8] , artificial neural network traffic noise model [25] , road traffic noise model based on genetic algorithm [26] and mathematical model for describing road traffic noise called NAISS model [27] .
Among these methods, the RLS 90 traffic noise model has been defined as an improvement of oldest standard RLS 81 by Germany Highway Transport Construction Department [28] . RLS 90 is an effective calculation model, able to determine the noise rating level of road or highway traffic and currently, is the most widely used calculation method in China. Hourly equivalent continuous A sound pressure level (L eq(A) ) is used as the evaluation standard in the model. The model requires input of data on average hourly traffic flow, separated into motorcycles, heavy and light vehicles, the average speed for each group, the dimension, geometry and type of the road and of any natural and artificial obstacles [29] . Compared with other models, especially the modified FHWA model for assessing inland waterway traffic noise level by Dai et al. [6] , this model also takes influences of air absorption and atmospheric conditions into account. In particular, it makes it possible to verify the noise reduction produced by barriers and the reflections produced by opposite screens [30] . However, it does not take the water surface absorption and finite length channel adjustments in the governing equations into account.
Therefore, the RLS 90 model developed in Germany by adding water surface absorption and finite length channel adjustments is selected to assess inland waterway traffic noise exposure level in this study. However, conditions on road are apparently different from those on inland waterway. Differences in the emission noise level and type of vehicles, noise surveying methods and traffic conditions all lead to inaccuracies when applying the model to assess inland waterways traffic noise [6] . In view of this, development of an inland waterway traffic noise prediction method related to the current inland waterway traffic conditions in China seems appropriate. Thus, on basis of afore-mentioned discussions, the parameters in the model are re-described to fit for the inland waterway traffic conditions, and the water surface influence adjustments are also introduced in this research. Furthermore, by adding the water surface condition, absorption and gradient along vessel travel direction correction terms, an improved model for predicting inland waterway traffic noise was established based on the RLS 90 for the calculation of attenuation during noise propagation.
The main objective of this study is to develop a model based on the RLS 90 for predicting and assessing inland waterway traffic noise exposure levels in China. The mathematical model that considers the influences of water surface condition, absorption and gradient along vessel travel direction is presented in the next section. The developed model verification is given in Section 3. In Section 4, evaluation of precision and accuracy of the method, and a comparison of the predicted sound pressure levels by the developed model and those of the RLS 90 model or the modified FHWA model are discussed. Finally, some concluding remarks are drawn in Section 5.
(1)
where, L m is the mean equivalent continuous sound pressure level for each channel (dBA);
is the A-weighted mean level calculated at a distance of 25 m from the inland waterway center line (dBA); D v is the correction for vessel speed limits (dBA); D Stro is the correction for water surface conditions (dBA); D Stg is the correction for rises and falls along vessel travel direction (dBA); D E is the correction for absorption characteristics of embankment surfaces (dBA); D s⊥ is the attenuation due to distance and air absorption (dBA); D BM is the attenuation due to ground and atmospheric effects (dBA); D B is the attenuation due to the topography and building dimensions (dBA); d 0 is a reference distance at which the A-weighted mean level is calculated (m), usually 25 m according to the German standard RLS 90 and Chinese standard GB/T 4964-2010; D 0 is a reference distance from a vessel to the bank side (m); β is a distance attenuation parameter due to water surface absorption. ψ a is a function used for segment inland waterway adjustment. ϕ 1 and ϕ 2 are angles at receiver point in degrees for inland waterway section under analysis (˚); ϕ 1 is the angle at receiver point measured from perpendicular line of inland waterway centerline to the left most end of the inland waterway segment (˚); ϕ 2 is the angle at receiver point measured from perpendicular line of inland waterway centerline to the right most end of the inland waterway segment (˚).
The A-weighted mean equivalent continuous sound pressure level produced by all channels of vessels can be mathematically described as (2) where, n and f represent the along and against current channels, respectively.
A-weighted mean level
In the analysis of inland waterway traffic noise using the established model based on the RLS 90, vessels can be classified in two acoustic source types, specifically, light (weight < 500 tons) and heavy (weight ≥ 500 tons) vessel. In surveying A-weighted mean level ( ) for all two types of vessels, the microphones were located at a distance (d 0 ) of 25 m perpendicular to the side of the measured vessels. Microphone (AIHUA AWA5661) was positioned at 4.0 m above the local water surface level, and it was corrected by noise calibrator (AIHUA AWA6224S) before each use. Simultaneously, as shown in Fig. 1 , some other traffic parameters were also measured. These parameters include river embankment's height from the water surface (h 0 ) measured on the other side of the river embankment away from the water surface, the height of the source (h 1 ), the height of the receiver from the water surface (h m ), the connective line length from the emitting vessel to the receiver (s ⊥ ), the distance between the river embankment and the receiver (d 1 ), and the reference distance from the emitting vessel to the river embankment side (D 0 ). In addition, a laser speed gun was used to measure vessel speeds, and a video-recorder was used to determine traffic flow and vessel types. The traffic and environmental data were measured during a 60-min time period. The measured data of more than 30 vessels for each class are presented in Tables 1 and 2 . is a function of the amount of vessels per hour M and of the percentage of heavy vessels P, under idealized conditions (i. e. a speed limit of 100 km/h, a water surface gradient below 5% and an emitting vessel acoustic wave free dissemination). Therefore, the can be mathematically written as
where M is the hourly mean traffic flow of single channel, P is the corresponding percentage of heavy vessels (%). The measured parameters M and P values depend upon whether day (6:00 -22:00 h) and night (22:00 -6:00 h) is considered.
Vessel speed adjustment D v
The correction D v for vessel speed limits is given as 3 (5) where, v light is the speed limit for light vessels (km/h); v heavy is the speed limit for heavy vessels (km/h); L light and L heavy are the hourly A-weighted mean level of light and heavy vessels, respectively (dBA).
Water surface condition adjustment D Stro
According to the German standard RLS 90, the correction D Stro for surface condition can be given as in Table 3 and depends upon the kind of surface and the vessel speed. It ranges from 0 to 6.0 dBA.
According to the actual inland waterway water surface condition, it can be regarded as a smooth surface. Therefore, the D Stro correction values for water surface condition can be selected to be 3.0 dBA.
The correction D Stg for rises and falls along vessel travel direction
Following the German standard RLS 90, the correction for rises and falls along vessel travel direction (D Stg ) can be re-defined as (6) where, g is the water surface gradient along vessel travel direction (%).
The correction D S⊥ for the attenuation due to distance and air absorption
The attenuation term D s⊥ due to distance and air absorption is calculated according to the following equation (7) where, s ⊥ is the connective line length from the emitting vessel to the receiver.
The correction D BM for the attenuation due to ground and atmospheric effects
The correction term D BM for the attenuation due to ground and atmospheric effects can be obtained using (8) where, h m is height of the receiver from the water surface. 
The correction D B for the attenuation due to the topography and building dimensions
The correction term D B for the attenuation due to the topography and building dimensions can be calculated using the following equation (9) where, D reft is the attenuation due to multiple reflection of the building on both sides of the inland waterway (dBA); D bar is attenuation due to obstacles; h build is the building mean height (m); ω is the distance between reflective surfaces of the building on both sides of the inland waterway, as shown in Fig. 2 ; K w is attenuation due to air temperature and wind speed (dBA); A is the distance from the noise source to the obstacle top; B is the distance from the obstacle top to the receiver; δ is the sound path difference, δ = A + Bs � .
The distance attenuation parameter due to water surface absorption
The distance attenuation parameter β due to water surface absorption can be mathematically expressed as [6, 12] 
where, L 0i is the reference energy mean emission level of the ith class of vessels measured at the reference distance d 0 = 25 m (dBA). L 1i is the energy mean emission level of the ith class of vessels at other measuring distances d (dBA).
The measured data were collected at 7 sampling sites at the water surface around Jianbi vessel lock in Zhenjiang City of China. The analogy data are adopted to calibrate β. The other perpendicular distances for measuring the energy mean emission level L 1i are selected at 1 m, 10 m, 20 m and 30 m for light vessels, and 1 m, 10 m, 15 m and 29 m for heavy vessels from the side of the measured vessels to the receiver, respectively (see Fig. 3 ). After statistical averaging operation, the distance attenuation parameter due to water surface β is calibrated to the value -0.121. 
MODEL VERIFICATION
The developed prediction model in this study was validated using the data collected at 35 sampling sites from Jinghangyunhe Channel and Yanhe Channel in Huai City, China in 2014, as shown in Table 4 . These sampling sites for monitoring inland waterway traffic noise levels were set up 1.0 km from each other and were located at least 5.0 m from buildings at a height of 1.5 m. There were no screens, barriers and buildings between the noise source and the sampling sites. The height of the source over the ground surface was defaulted as 0.5 m due to the description of the RLS 90 model. Under moderate weather with a wind speed less than 1.5 m/s, the 60 -min time -weighted -average L eq(h) was collected at each of the 35 sampling sites from 9:00 AM to 5:00 PM on weekdays. While the field measurements of inland waterway traffic noise levels were being taken, other parameter tests were also underway. For example, a laser speed gun was used to measure vehicle speeds and a video -recorder (Canon LEGRIA HF R56) was used to determine traffic flow and vessel types, etc.
Detailed differences between the predicted and measured noise levels at each sampling site are presented in Table 4 . Similarly, Fig. 5 shows comparison between measured and predicted noise levels at 35 sampling sites in the developed prediction model, the RLS 90 model and the modified FHWA model.
From the results shown in Table 4 and Fig. 5(a) , the deviation between the predicted and measured noise levels is within a range of ±1.4 dBA for 82.9% of the sampling sites. The average value of differences between the predicted and measured noise levels for 35 sampling sites is 0.62 dBA and the standard error (σ s ) is 0.76 dBA. In contrast, the deviation between the predicted and measured noise levels is only within a range of ±1.4 dBA for 8.6% of sampling sites, and the average value of differences between the predicted and measured noise levels for 35 sampling sites is 1.30 dBA and the standard error (σ s ) is 1.42 dBA in the RLS 90 model (see Fig. 5(b) ). These results were improved to be 0.84 dBA (average difference) while using the modified FHWA model, as shown in Fig. 5(c) . For major receivers, the traffic noise levels were also over -predicted by the developed prediction model, the RLS 90 model and the modified FHWA model.
Vol. The results indicated that the predicted values by the developed model in the study were of higher accuracy than those by the RLS 90 model and the modified FHWA model, and it was also shown that the modified model has better applications in practice.
Applying the RLS 90 to Develop an Inland Waterway Traffic Noise Prediction Model in China that Considers Water Surface Influence

DISCUSSION
A developed prediction model based on the RLS 90 is used here to assess traffic noise exposure levels of inland waterway. On average, the modeled hourly noise level is 53.7 dBA for all sampling sites and 53.1 dBA for measured noise levels.
Although the noise prediction model tended to overestimate the actual noise exposure levels, the modeled hourly noise levels are highly correlated with measured noise levels (R 2 = 0.98481, Fig. 5(a) ), suggesting that the modified model based on the RLS 90 can approximately reflect actual noise exposure levels in the study region. As shown in Table 4 and Fig. 5 , this developed model reflects the contribution of water surface condition, absorption and gradient along vessel travel direction to assess the influences of inland waterway traffic noise exposure levels. Accordingly, this modified method has a greater precision (i.e., σ s = 0.76 dBA vs. 1.42 dBA) than that of the RLS 90 model. One main reason for the improved prediction of the model is the inclusion of water surface attenuation influence correction terms in the predictive equations, as shown in Table 5 .
In comparison with the modified FHWA model, the model still has better precision and accuracy (σ s = 0.76 dBA vs. 1.23 dBA). The large variation from -2.7 dBA to 2.9 dBA between the predicted and measured traffic noise levels is also observed using the modified FHWA model. Possible reasons may be due to neglecting effects of some atmospheric conditions for predicting noise levels, such as temperature, wind velocity, wind direction, and humidity in the field (Table 5 ). In general, the relative comparison results show that the simulation accuracy varies from high to low: the developed model > the modified FHWA model > the RLS 90 model. However, there are some limitations for using this developed model to predict inland waterway traffic noise levels. These limitations come from the inherent assumptions of the RLS 90 prediction method, including oversimplified traffic type classification, as well as the use of the limit speed instead of the actual average speed in this model [8] . These limitations may cause 0.699 dBA in the mean square error between the measured and predicted traffic noise levels.
In addition, no river bank shielding correction is applied in this developed model because of the lack of related information about the embankment lengths, shapes, and construction materials. This uncorrected factor may contribute to overestimated inland waterway traffic noise levels among the surrounding areas [6] . However, this limitation can be overcome when these data are available for specific study case. Thus, it is expected that the developed prediction method based on the RLS 90 will be widely used to assess inland waterway traffic noise exposure level.
CONCLUSIONS
Traffic conditions, vessel types and standards, and environmental circumstances offer unique challenges in applying models for the purpose of inland waterway traffic noise level prediction. The objective of this study was to develop a prediction model based on the Germany RLS 90 for assessing the inland waterway traffic noise level in China. The comparison results showed that this model was more precise than the unmodified RLS 90 method due to the consideration of water surface attenuation influence. In addition, it had higher precision than the modified US FHWA model because of considering effects of some atmospheric conditions in predicting inland waterway traffic noise. Therefore, it is an effective method, and can be utilized to evaluate inland waterway traffic noise exposure level. 
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